Summary In this study, the area under the curve was highest when using the lowest vertebral body T-score to diagnose osteoporosis. In men for whom hip imaging is not possible, the lowest vertebral body T-score improves the ability to diagnose osteoporosis in men who are likely to have an incident fragility fracture. Introduction Spine T-scores have limited ability to predict fragility fracture. We hypothesized that using lowest vertebral body T-score to diagnose osteoporosis would better predict fracture. Methods Among men enrolled in the Osteoporotic Fractures in Men Study, we identified cases with incident clinical fracture (n=484) and controls without fracture (n=1,516). We analyzed the lumbar spine bone mineral density (BMD) in cases and controls (n=2,000) to record the L1-L4 (referent), the lowest vertebral body, and International Society for Clinical Densitometry (ISCD)-determined T-scores using a male normative database and the L1-L4 T-score using a female normative database. We compared the ability of method to diagnose osteoporosis and, therefore, to predict incident clinical fragility fracture, using area under the receiver operator curves (AUCs) and the net reclassification index (NCI) as measures of diagnostic accuracy. ISCDdetermined T-scores were determined in only 60 % of participants (n=1,205). Results Among 1,205 men, the AUC to predict incident clinical fracture was 0.546 for L1-L4 male, 0.542 for the L1-L4 female, 0.585 for lowest vertebral body, and 0.559 for ISCDdetermined T-score. The lowest vertebral body AUC was the only method significantly different from the referent method (p=0.002). Likewise, a diagnosis of osteoporosis based on the lowest vertebral body T-score demonstrated a significantly better net reclassification index (NRI) than the referent method (net NRI +0.077, p=0.005). By contrast, the net NRI for other methods of analysis did not differ from the referent method. Conclusion Our study suggests that in men, the lowest vertebral body T-score is an acceptable method by which to estimate fracture risk.
Introduction
Prior studies [1] [2] [3] report that lumbar spine bone mineral density (BMD) does not predict incident clinical fractures as well as hip BMD, presumably due to a spurious elevation of spine BMD by osteoarthritis, aortic calcification, or ironically, compression fractures [4, 5] . In an attempt to minimize the impact of artifacts on the dual-energy X-ray absorptiometry (DXA)-measured lumbar spine BMD, the International Society for Clinical Densitometry (ISCD) recommends that interpreters exclude vertebrae with visible focal structural anomalies or T-scores that differ by more than 1 standard deviation from those of adjacent vertebrae [6] . However, the guidelines state that clinicians must use at least two vertebrae to determine the lumbar spine T-score. A single vertebral body Tscore should not be used to diagnose osteoporosis [6] due to concerns about a high-precision error when measuring a single vertebral body and a lack of data on the ability of a single vertebral body to assess fracture risk.
Theoretically, the ISCD-determined T-score would increase the diagnostic sensitivity of DXA for detecting osteoporosis, compared to the T-score derived using four lumbar vertebrae. However, no prospective studies have compared the diagnostic sensitivity and specificity of the ISCD-determined T-score to that of the L1-L4 Tscore. Additionally, interpreters often disagree on which vertebrae to exclude when applying the ISCD criteria [7] [8] [9] , potentially leading to different diagnostic categorizations for a given patient. Finally, when three or more vertebrae have focal structural anomalies and/or T-score discrepancies, an ISCD-derived lumbar spine T-score cannot be reported for that patient [7] . All of these issues limit the utility of the ISCD guidelines in clinical practice.
Our prior research [10] suggested that the use of the lowest vertebral body BMD might maximize the sensitivity of lumbar spine BMD for fracture prediction, but the study was limited by a small sample size and patient recall of fractures without adjudication of fracture events. A Canadian study [8] reported that in 20,478 women, the lowest vertebral body Tscore improved clinical fracture prediction compared to the L1-L4 T-score; however, this was not true in men (n=1,534). The Osteoporotic Fractures in Men (MrOS) Study is a prospective cohort study designed to determine risk factors for osteoporosis and fracture in older men [11, 12] . The study provides a heretofore-unavailable opportunity to clarify the optimal method by which to analyze lumbar spine BMD in men. We designed a case-cohort study, using data from a subset of men enrolled in MrOS. We hypothesized that in men, the lowest vertebral body T-score would predict incident clinical fractures better than the ISCD-determined and mean L1-L4 T-score. We further hypothesized that a male normative database would be superior to a female normative database in diagnosing osteoporosis and assessing fracture risk in men.
Materials and methods
MrOS is a multicenter prospective cohort study designed to identify risk fractures for osteoporotic fracture [11, 12] . Men were eligible for enrollment in MrOS if they were ≥65 years old, able to walk without assistance from another person, and had no history of bilateral total hip arthroplasty; 5,994 men from six centers (Birmingham, AL; Minneapolis, MN; Palo Alto, CA; Pittsburgh, PA; Portland, OR; and San Diego, CA) were enrolled in the study between 2000 and 2002. Researchers measured participants' BMD at the spine and proximal femur during the baseline study visit, using Hologic QDR 4500 densitometers.
Study personnel contacted participants every 4 months for~4.5 years to inquire about incident clinical fractures. Study personnel verified self-reported fractures by reviewing community radiology reports and clinical notes. If a radiology report was unavailable or unclear, a study radiologist reviewed copies of the X-rays to confirm or refute the fracture. A study physician reviewed and adjudicated all fracture events.
For the current study, we identified cases as men with any incident clinical fracture during the study. We defined a fragility fracture as one occurring by any of three lowtrauma events: a fall from standing height or less, a fall from a minor change in positional height (e.g., stepping off a curb), or a minor traumatic event other than a fall, such as a cough-induced compression fracture. We randomly selected controls from the remaining men without incident clinical fracture.
The MrOS Steering Committee and the University of Wisconsin (UW) Human Subjects Committee reviewed and approved our study protocol. To preserve confidentiality among the men selected for the current study, the Data Coordinating Center (San Francisco, CA, USA) de-identified the lumbar DXA scan images and ancillary results and replaced identifiers with a study code. Personnel shipped the baseline lumbar DXA scan images and ancillary results for cases and controls to the UW for scan examination and data extraction. The UW interpreters were blinded to the casecontrol status of each scan.
Using a standardized worksheet, one ISCD-certified physician (KEH) analyzed 2,000 lumbar spine BMD studies using a male normative database and recorded the L1-L4, lowest vertebral body, and the ISCD-determined T-score. The ISCDdetermined T-score was derived by applying published criteria to define when vertebral bodies should be excluded from analysis [6, 13] . To explore whether a female or male normative database should be used to determine the L1-L4 T-score in men, all lumbar spine DXA images were reanalyzed using the female NHANES normative database to derive and record the L1-L4 female T-score. We entered the four Tscores into a database in duplicate and checked the data to verify accuracy.
Interpreters can have differing thresholds for vertebral body exclusion, primarily due to disagreement regarding the presence of focal structural anomalies [7, 9] . For the current study, we randomly selected 10 % of the spine images for interpretation by a second ISCD-certified physician (RDB) to assess the interrater reproducibility of the ISCD-determined Tscore.
Statistical analysis
Our primary study outcome was the ability of four methods of lumbar spine analysis to diagnose osteoporosis and to predict clinical fragility fracture among men enrolled in the MrOS Study. The four methods were the L1-L4, lowest vertebral body, and ISCD-determined T-scores derived using a male normative database and the L1-L4 T-scores derived using a female normative database. We used the receiver operating characteristic area under the curve (AUC) values as our principal measure of diagnostic accuracy, with statistical comparisons to the L1-L4 male T-score as the referent. Based upon prior work [10] , we estimated that the AUC would be 0.60 for the L1-L4 T-score derived using a male normative database and 0.65 for the lowest vertebral body T-score and ISCDdetermined T-score [7, 10] . We estimated that correlation between the different methods of lumbar spine analysis on the same patient was 0.66 by Kendall's τ test [7, 10] . Thus, a sample size of 2,000 men including 400 with incident fracture provided~98 % power to detect a significant difference in diagnostic accuracy between the analytic methods, using a two-sided test with 5 % level. We next analyzed the ability of the different analytic methods to predict incident clinical fractures based on odds ratios. We also performed an exploratory analysis to compare the ability of the four methods of spine analysis to predict incident clinical vertebral fractures. For this analysis, we compared men with incident clinical vertebral fractures (n=63) to men without clinical fractures (n=1,509).
The net reclassification index (NRI) is a statistical tool used to determine whether a new method improves classification of individuals with an event as having the disease and/or without an event as not having the disease [14] . We determined the NRI [14] when using the three methods of spine analysis to diagnose osteoporosis, compared to the referent (L1-L4 Tscore derived using a male normative database). The NRI was used to evaluate whether each new method of spine analysis correctly reclassified men with a fracture as having osteoporosis (NRI event ) and without an incident fracture as not having osteoporosis (NRI no event ), compared to the referent method.
Results
We received DXA scans for 2,000 men (484 cases with incident clinical fracture and 1,516 controls without clinical fracture) from the MrOS Data Coordinating Center. We excluded seven scans due to foreign bodies in or near the lumbar spine (n=6) or incorrect labeling of vertebrae (n=1). An ISCD-determined T-score could not be determined for 788 men (40 %), as three or more vertebrae had focal structural anomalies and/or T-score discrepancies. Thus, we recorded L1-L4 male, L1-L4 female, and lowest vertebral body Tscores for 1,993 men and an ISCD-determined T-score for 1,205 men. Not surprisingly, the T-scores by various methods of analysis were highly correlated (r = 0.99, L1-L4 male vs. L1-L4 female; r=0.97, L1-L4 male vs. lowest vertebral body; and r=0.96, L1-L4 male vs. ISCD-determined T-score).
The 1,993 men with DXA scans permitting inclusion in this analysis had a mean age and body mass index of 74± 6 years and 27±4 kg/m 2 , respectively ( Table 1 ). The majority of men (90 %) were Caucasian. Compared to MrOS participants who were not included in the analysis (n=4,001), men selected for analysis were older; more likely to report fractures at or after age 50 years; had lower spine, total hip, and femoral neck T-scores and lower measures of neuromuscular function; and were more likely to use bisphosphonate or tricyclic antidepressant therapy (Table 1) . Among the 484 men with incident clinical fracture, there were 79 hip, 22 pelvis, 48 wrist, and 63 vertebral fractures; the remaining fractures affected miscellaneous sites.
Not surprisingly, spine osteoporosis was diagnosed most often (Table 2 ) using the lowest vertebral body T-score and least often using the L1-L4 T-score derived from a female normative database. Table 2 summarizes the percent of men with osteoporosis based on each method of spine analysis. A diagnosis of osteoporosis was more likely in men with fracture (p<0.001) by all four methods of spine analysis.
Two physicians derived the ISCD-determined T-score for 200 randomly selected scans. With application of the ISCD criteria for vertebral body exclusion, both interpreters excluded all vertebrae in 35 % of scans (n=71). In 44 % of scans (n = 87), both interpreters derived T-scores. There was disagreement in 21 % of scans (n=42), with one interpreter recording an ISCD-determined T-score and the other excluding all vertebrae. For the 87 scans in which both interpreters derived an ISCD-determined T-score, the T-score was highly correlated (R =1.0, p <0.001) with 100 % agreement on the diagnosis of osteoporosis (spine T-score≤−2.5).
Compared to men without fracture (n=1,509), those who had experienced an incident fracture (n=484) were older, had lower spine and hip T-scores, were more likely to be Caucasian, report a fracture at or after age 50, and/or use bisphosphonates or serotonin uptake inhibitor therapy and had lower measures of neuromuscular function (Table 1) . Table 3 (Fig. 1) . When predicting clinical vertebral fracture, the AUC for the lowest vertebral body method was higher than the referent in the whole group (AUC 0.666 vs. 0.567, p<0.001) and in the subset of 1,205 men (AUC 0.655 vs. 0.566, p=0.007) (Fig. 2) . Likewise, the AUC for ISCD-determined method was higher than the referent in the subset of 1,205 men for prediction of vertebral fracture (AUC 0.643 vs. 0.566, p=0.007).
NRI results are summarized in Table 4 . The lowest vertebral body T-score approach to diagnosing osteoporosis was the only method significantly different than the referent, in the larger group of 1,993 men and in the subset of 1,205 with an Characteristics that were not different between groups (e.g., tobacco use) were excluded from the table ISCD-determined T-score. Among 1,993 men including 484 with incident clinical fracture, the lowest vertebral body Tscore reclassified 14 % of men with fracture as having osteoporosis and inappropriately reclassified 9 % of men without fracture as having osteoporosis (net NRI +0.050, p=0.007). In the subset of 1,205 men, appropriate reclassification of men with fracture as having osteoporosis occurred in 7 % using the ISCD-determined T-score, 19 % using the lowest vertebral body T-score, and none when using the T-score derived from a female normative database. In 894 of 1,205 men without fracture, inappropriate reclassification occurred in 4 % using the ISCD-derived T-score, 12 % using the lowest vertebral body T-score, and none using the female normative database to determine the T-score. The lowest vertebral body T-score was significantly different from the referent method for the overall NRI (+0.077, p=0.005). Table 5 (online supplemental material) summarizes odds ratios for incident clinical fracture, and incident clinical vertebral fracture, based on the four methods of spine analysis. In general, a T-score≤−2.5 based on the L1-L4 T-score and male normative database demonstrated the lowest odds ratios for prediction of fractures. However, all methods demonstrated similar odds ratios and overlapping confidence intervals for prediction of fracture. Not surprisingly, odds ratios for fracture A male normative database was used to determine the L1-L4 "male," ISCD, and lowest vertebral body T-score, whereas the L1-L4 "female" T-score was derived using a female normative database. p values for AUC values are in comparison to the current standard (L1-L4, male T-score indicating osteoporosis)
Significant p-values are highlighted in italics Fig. 1 The figure demonstrates the receiver operator characteristic area under the curves (AUCs) for diagnosing osteoporosis and predicting clinical fracture in 1,205 men using the L1-L4 (blue, referent), lowest vertebral body (red), and ISCD-determined T-scores (brown) and the L1-L4 T-score based on a female normative database (green). The lowest vertebral body T-score was the only method superior to the referent (p=0.002) Fig. 2 The figure demonstrates the receiver operator characteristic curves for diagnosing osteoporosis and predicting clinical vertebral fracture in 1,205 men using the L1-L4 (blue, referent), the lowest vertebral body (red), and ISCD-determined T-scores (brown) and the L1-L4 Tscore based on a female normative database (green). The lowest vertebral body and ISCD T-score methods were both superior to the referent (p=0.007, both comparisons) were higher when each method was used to predict incident clinical vertebral fracture, as opposed to all clinical fractures [15] . Table 6 (online supplemental material) summarizes sensitivity, specificity, and positive and negative predictive values for clinical fracture by four methods of spine analysis. The lowest vertebral body T-score method demonstrated highest sensitivity, but lowest specificity, compared to the other methods of spine analysis. In general, the positive predictive value was low with all four methods, whether predicting all clinical fractures or clinical vertebral fractures. By contrast, negative predictive value was 95 to 98 %, when each method was used to judge the risk of incident clinical vertebral fracture.
Discussion
Using data from the MrOS study, we evaluated whether three methods of analyzing bone mineral density would predict incident clinical fracture better than the referent method, the mean L1-L4 T-score. We categorized men as osteoporotic for each method of spine analysis. We next compared the ability of each method to predict incident fracture, using AUCs and the net reclassification index (NCI) as measures of diagnostic accuracy. Among 1,205 men with a T-score by all four methods of analysis, the AUC for the lowest vertebral body was the only method significantly different from the referent method (p=0.002). Likewise, a diagnosis of osteoporosis based on the lowest vertebral body T-score demonstrated a significantly better NRI than the referent method (net NRI + 0.077, p=0.005), while other analytic methods did not differ from the referent method. As reported by others [8, 15] , all methods worked better when predicting vertebral fracture [15] , compared to performance characteristics when predicting all clinical fractures.
Few groups have investigated the ability of the lowest vertebral body T-score to predict incident fracture. In a small retrospective study [10] , the lowest lumbar vertebral body Tscore showed higher sensitivity (but lower specificity) for Table 4 Net reclassification index by three methods of spine analysis, compared to the male L1-L4 T-score
ISCD
Lowest vertebral body Female L1-L4 T-score T-score T-score diagnosing men with prior clinical fracture as having osteoporosis, compared to the L1-L4 or ISCD-determined T-score. In a study [9] of 187 women, the ISCD-determined T-score was better than the L1-L4 or the lowest vertebral body T-score at predicting prevalent grade 2 or 3 fractures detected on vertebral fracture assessment images. However, careful scrutiny of the study reveals that as many as 51 of 187 (27 %) women's ISCD-determined T-score was actually the lowest vertebral body T-score. Among adults undergoing routine DXA in Manitoba, Canada, the lowest vertebral body Tscore demonstrated a higher ability to predict all clinical fractures, and clinical spine fractures, compared to the L1-L4 T-score in women (n=20,478), but not in men (n=1,534). The authors were not able to determine which clinical fractures occurred from minimal or low trauma. Additionally, it was unclear whether fractures were prevalent or incident, in temporal relation to the bone density test. Researchers [16] used baseline BMD measurements from placebo-treated women with osteoporosis participating in the MORE study to compare the ability of the lowest vertebral body, L1-L4, femoral neck, and total hip and the lowest of the aforementioned T-scores to predict incident radiographic vertebral fracture. All five T-score approaches demonstrated similar ROC curves and odds ratios for incident vertebral fracture, but only women with osteoporosis were included, raising concern about the applicability of results in a clinical practice. Our study avoided a number of the weaknesses of prior studies; eligibility for the MrOS study did not require a diagnosis of osteoporosis, low-trauma fractures were carefully tracked and adjudicated, and we compared all four methods of spine analysis in a robust sample size of men, providing an adequate power to detect differences between the methods. In the current study, the ISCD-determined T-score predicted incident clinical fractures similar to the referent using the AUC but was superior in its ability to predict vertebral fractures. By contrast, NRI data indicated that the ISCDdetermined T-score was not significantly different than the referent. Of note, three issues limit the applicability of the ISCD approach in clinical practice. First, interpreters demonstrate only fair to moderate agreement on which vertebrae should be excluded in a DXA report [7] [8] [9] , potentially leading to disagreement between interpreters regarding final diagnostic categorization for the patient. Second, based on the current and prior studies [8] , it is not possible to derive an ISCDdetermined T-score in 30-40 % of scans, as three vertebrae have T-score discrepancies and/or focal structural anomalies [8] . Finally, the ISCD-determined T-score requires clinicians to subjectively judge whether focal structural anomalies are present; we have previously documented suboptimal agreement between interpreters on which vertebrae to exclude [7] . By contrast, the lowest vertebral body T-score is an objective data point, making the method highly reproducible and consistent within and between interpreters.
Our study has several strengths, including a prospective study design and measurement of baseline bone mineral density in a standardized fashion at all MrOS study centers. Regular contact with subjects was used to identify incident fragility fractures, with adjudication of fracture events by study personnel. Though we excluded~40 % of spine scans when applying the ISCD exclusion criteria, our sample size of 1,205 men still provided~94 % power to detect a significant difference between the methods of spine analysis. We have a number of study weaknesses as well. We had small numbers of men with clinical vertebral fractures. Our study results might not apply to other groups of patients, including women and children. We did not determine the ISCD T-score or lowest vertebral body T-score using a female normative database. Finally, the study was not designed to test the ability of a single vertebral body to monitor response to osteoporosis therapy.
In summary, we found that the use of a single vertebral body T-score to classify older men with osteoporosis and to predict incident clinical fragility fracture demonstrated similar performance characteristics to other methods of spine analysis and was superior to other methods when data were analyzed using the net reclassification index. Our study suggests that clinicians can interpret spine BMD in men by using the lowest vertebral body T-score. We recommend additional studies to assess this method of spine analysis in postmenopausal women and young adults and to assess whether the method can be used to monitor response to osteoporosis medication.
